In classical optics and acoustics, the focusing field for harmonic or monochromatic waves is charactenzed by a phenomenon of wave concentration and phase anomaly. For the transient focusing field, significant waveform deformation or waveform transition takes place in the vicinity of the focus. It is shown here theoretically and experimentally that the focusing of the transient wave is charactenzed by time reversa1 and polarity inversion effects.
INTRODUCTION
The focusing of acoustic waves have long been a classical topic of theoretical and experimental acoustics. Focused ultrasonic fields are nowadays commonly used in acoustical imaging applications to improve the lateral resolution in non-destructive testing, medical diagnosis as well as in acoustic rnicroscopy. Highly focused fields have also raised interest in the acoustical evaluation of the micro structure of solid materials. In this method, the materials to be evaluated are characterized by the acoustical boundary response to the incident wave after scattering, reflection and transmission. It is thus indispensable to understand the exact nature of the incident wave or the focusing field for proper charactenzation to be possible.
Focusing is generally understood by the phenomenon of wave concentration and phase shifting by -7c radians at the focal region. This is known as the phase anomaly and is explained by the effect of wave diffraction in monochromatic wave fields. In transient wave fields, the singularity of focusing is observed as a waveform transition along the focusing axis and near the focal point. The theoretical impulse response of the focusing pressure field was introduced with some approximations by Penttinen and Luukkala." Djelouah, Baboux and Pednx studied theoretically and experimentally the transient focusing field under different types of source excitation and pointed out a polarity inversion between the geometrical wave and the diffracted wave across the f o~u s .~' This remark is easily recognized by off-axis pressure waveforms but not easily recognized by on-axis waveforms. We clarify here the physics of focusing by the use of a focusing source with a weighted velocity distribution.
THEORETICAL EXPRESSION O F FOCUSING ACOUSTIC FIELD'-4'
For a planar source S mounted in an infinite rigid baffle, the velocity potential can be denved from Green's theorem and expressed by the Rayleigh integral:
where u(t) is velocity normal to source surface.
For non-planar sources, this expression is not exact because secondary diffraction is not taken into account. As many authors pointed out, the Rayleigh integral gives a good approximate evaluation of the radiated field on the condition that secondary diffraction can be neglected. Figure 1 shows the geometry of a spherically concave source defined by radius a,, curvature R , and half aperture angle a: Supposing the source surface S with a uniform distribution of velocity u(t) is only slightly curved and the secondary diffraction can be ignored, the acoustic pressure on the symmetncal axis is expressed by 
where h is the depth of the concave surface a(t) = du(t)/at (source acceleration) and T, = t -Ro/c.
Therefore, from eq. (3) and (4), one may reduce that the focusing process across the focus is a combination of both time reversal and polarity inversion effects. For a focusing source having an axisymmetric surface velocity distribution, the acoustic pressure is also expressed as
where u, and u, are the geometncal and the diffracted waves respectively and can be specified according to the velocity distribution on the surface and its time dependent function.
Active surface
Radius of source (a) a concave focusing surface, (b) uniform velocity distribution, (c) weighted velocity distribution.
NUMERICAL SIMULATION AND EXPERIMENTAL RESULTS

Numerical simulation
For numerical simulation and experimental verification focusing concave and circular transducers with an active radius ao=lOmm and curvature radius Ro=lOOmm were used. For numerical simulation we applied, as the source acceleration, the Dirac delta function and the sinusoidal impulse (one period of sinusoidal wave). Medium constant were p = lkg/m3 and c = 1495mls. Figure 3 (a) and (b) show calculated pressure waveforms on the axis at R,=SOmm in region 1, R,=SOmm at the focal point and R,=lSûmm in region II. These simulated waveforms include the focusing effects of the time reversa1 and the polarity inversion. However, it is not easy to recognize the effects in Fig. 3 . To clarify the time reversal and polarity inversion effects of the focusing, one may use a velocity distribution on the source surface to reduce the diffraction from the circumference edge of the surface. We assumed for numencal simulation a ramped velocity distnbution of the source as shown in Fig. 2 , a uniform velocity inside the radius a, and linearly decreasing velocity from a, to the outer edge a, (a,=7rnm and a,=lOmm). Figure 4 shows the calculated pressure wavefoms on the axis radiated from the ramped velocity distribution source. The wavefoms in Fig. 4 show clearly the time reversal effect between region 1 and region II (in front of the focus and behind the focus). In the case where the acceleration has a waveform defined by the Dirac delta function, the polarity inversion effect is not easily recognized (Fig. 3 (a) ). In this case, the pressure waveforms in region 1 (in front of the focus) can be interpreted by using eq. (5) as the sum of the geometrical wave in the positive step function and the diffracted wave in the negative ramped step function as shown in Fig. 5 . Then, in region II (behind the focus), the pressure waveforms can be explained by an exchange of the arriva1 time between the two waves (the time reversa1 effect) and by an inversion of polarity. Thus it is found that the effects of time reversal and polarity inversion are valid in the case of the delta function. In the case of the sinusoidal impulse acceleration, the time reversal and the polarity inversion effects are clearly shown in Fig. 4 (b) . 
Experimental results
Measurements of focusing fields were carried out to verify the above observation on the focusing. Concave focusing sources were made by piezoelectric polymer films (P(VDF-TrFE)) of diameter lOmm and thickness 35pm, placed on the center of a concave baffle by adhesive. To realize the velocity distribution on the source surface, the active surface (piezoelectric film) is trimmed in the shape of a star. The acoustic pressure was measured by using a miniature PVDF ultrasonic hydrophone probe (0.6mm diameter) supplied by MEDICO TEKNISK INSTITUT. Pressure waveforms were again observed at R,=SOmm in region 1, at R,=100mm at the focus and R,=15Omm in region II. Fig. 6 (a) and Fig. 7 (a) show the results when a unit step voltage was applied to the source. At the focus, the pressure waveforms are approximately the sinusoidal impulse, which is regarded as the source acceleration waveform. Using these results, we estimated the impulse response of this focusing filed on the axis by a deconvolution method (Fig. 6 (b) and Fig. 7 (b) ) which corresponds to the calculated impulse response of Fig. 3 (a) and Fig. 4 (a) . The frequency band is limited at 8MHz in the inverse calculation. It seems that the observed waveforms in region 1 and in region II are acceptable by comparison to the calculated waveforms of Fig.  3 and Fig. 4 . impulse responses on the axis.
CONCLUSIONS
The time reversal and the polarity inversion effects of the focusing field of the axis is explained by both numencal simulation and experimental observations. This remark is also valid for the off-axis in region 1 and region II. As descnbed in classical optics and acoustics, the focusing field is characterized by a wave concentration and a face jump n: of the incident wave as it passes through the focus. This expression is appropriate for a harmonic or monochromatic wave field. For the transient focusing field in time domain form, the phenomenon of focusing may be described as follows: " In the geometrical wave zone in region 1 and in region II, the focusing is characterized by the time reversa1 (the time reversa1 of the geometrical wave and the diffracted wave) and by the polarity inversion effect between the two waves." In the shadow zone, in region III, no reversa1 and inversion effects exist.
